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CHAPTER 1

INTRODU CTION AND SUMMARY

Thermochemical data were obtained on the oxidation produéts of
cesium by differential thermal analysis (Chapter II), A rather complex

mixture was obtained and peaks which could be attributable to Cs o,

3

CsOH and Cs,0, were observed. Presumably, Cs_ O was present as

273 2
well, but it could not be identified because it has no reported transition
points in the temperature range of the experiment, The mass spectro-
mete‘r system was checked out using nitrogen for the purpose of estimating
requirements for the signal detection scheme. A Knudsen cell has been
built and tried out on the system with pure cesium in order to develop

procedures for handling cesium in the system. Vapor pressure curves

for cesium were taken.

Rigorous definitions are given of electronegativity of atoms, neutral
or ionized, and of atomic orbitals (Chapter III). The definitions are con-
sistent with the rules of the statistics of ensembles and the quantum-

mechanical picture of atomic species.

A variable-spacing, guard-ring converter with a single-crystal
tungsten emitter and a molybdenum collector was constructed during
the first quarter. Experimental data from this converter, covering a
wide range of emitter temperatures and interelectrode spacings, were
presented in the First Quarterly Progress Report. During the second
quarter, testing was completed and the data was used to study the depen-
dence of the internal voltage drop on ion richness, B, and on cesium

pressure, P, at constant values of Pd, where d is the interelectrode

I-1
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spacing (Chapter IV). The preliminary results suggest that the voltage
drop is a decreasing function of cesium pressure at constant values of

Pd and B, and a decreasing function of f at constant values of P and d.

A variable-spacing, guard-ring converter with a fluoride vapor-deposited
tungsten emitter and a molybdenum collector was constructed in order to
obtain data forﬁ comparison with in-pile test converters. Performance

maps will be recorded shortly.

Further studiés were made on the microstructure and preferred
orientation of vapor~deposited tungsten emitters after exposure to
various heat treatments in a vacuum (Chapter V). Heat treatment causes
changes in the microstructure which are not necessarily accompanied by

changes in the pole figure.
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CHAPTER II
ELECTRONEGATIVE ADDITIVES

F. J. Holly and M. Shaw

A. THERMODYNAMICS OF CESIUM-OXYGEN SYSTEMS

Since cesium is an essential part of thermionic converters, it
would be highly desirable if some oxide of cesium could be used as a

source of continuous oxygen supply.

The cesium-oxygen system is complex. In the presence of excess

cesium, several suboxides form, such as Cs,?O, CS4O, Cs30 and Cs702.

When cesium is exposed to an excess of oxygen at room temperature,
several oxides form: Cs O, Cs_O_, Cs_O_, and CsO_, When heated, the

2 272 2°3 2
higher oxides decompose to CSZO and oxygen (Table 1I-1).

Cesium oxide, Cs_O, is relatively stable at higher temperatures.

2
By considering the following equilibrium:

-» 2Cs +l

©529) T 289 * 2 C2(g)

it is possible to calculate that, at cesium pressures of a few torr, such

as exist in diodes, the equilibrium partial pressure of oxygen is

10_35 torr at 575°K

and

10'8 torr at T = 900°K

Therefore, it was suggested several years ago that solid cesium oxide

could be considered as an oxygen source. However, it was shown in
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several experiments that cesium oxide volatilized at temperatures much
lower than 900°K. Hence, either the free energy data was grossly in

error, or molecular sublimation occurred at a rather low temperature.

Practically no experimental data are available on the vapor pressure

» 1
. of cesium oxides except one recent paper, which mentions that at 620°K
- the vapor pressure of CSZO is approximately 10-3 torr. This contrasts
: R 2 .
s sharply with the earlier predictions of Brewer.  Assuming that the

CSZO volatilizes as the molecule, the following reaction has to be con-

sidered at the emitter:

1

Cs_ O -+ 2Cs -0
- 2 2(g)

A -]
2%(g) )t FyT

(g

The standard free energy of decomposition is known only for the reaction:

Cs_O ~>2Cs)+

1
A (-3
27(e) * (g © F{, (T)

2 "2(g)

which is given by the following series:

AF;(T) = 113,790 + 23.03 Tlog T - 145. 60T

It can be roughly estimated that the boiling point of the liquid CSZO is

about 1300°K, so that its vapor pressure at 2000°K could be as high as
8 15,000 torr. This approximate value can be used to estimate AF;(2000°K):
AF"g(ZOOO°K) = AFE (2000°K) + RTInP

CSZO

AF‘;(ZOOO‘.’K) =~ -13,482 cals

II-3
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= 6.1 x 105 torr 3/2

K (2000°K) =

Assuming that the cesium pressure is 10 torr in the interelectrode
spacing, a cesium oxide pressure as low as 2 x 10"8 torr would yield

10-8 torr of oxygen at the emitter at 2000 °K.

Figure II-1 shows the predicted dissociation curve of Cs_O vapor

2
at 2000°K as a function of the solid oxide temperature. The vapor pressure
of the cesium oxide at various temperatures is roughly estimated. It is
conceivable that at temperatures as low as 400°K the vapor pressure of

CSZO might be high enough to provide adequate oxygen coverage for the

emitter.

Alternatively, other oxides of cesium are known to be present and
might contribute to the release of oxygen. The following experiments

were initiated in order to resolve these questions.
B. DIFFERENTIAL THERMAL ANALYSIS OF CESIUM OXIDES

We have used differential thermal analysis to obtain information
on the oxides formed when cesium is exposed to oxygen at room temper-

ature and at elevated temperatures.

Differential thermal analysis (DTA) is an analytical technique for
studying the physical and chemical changes taking place in materials
during heating or cooling. These changes generally involve either the
liberation or absorption of heat and include crystal transitions, changes

of state, decomposition and chemaical reactions.

I1-4
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The technique of DTA involves continuous measurement of the
temperature difference between a sample and a thermally inert refer-
ence material while both are heated at a given rate. A temperature
difference will be measured between the sample and the reference only
when the sample undergoes a physical or chemical change involving
change of enthalpy. The sample temperature will lap behind the refer-
ence temperature during endothermic reactions and will exceed it during

exothermic reactions.

When the temperature difference between the sample and the
reference material is plotted as a function of increasing terﬁperature,
a curve known as a thermogram is produced. At temperatures where
no physical or chemical changes are occurring in a sample, a straight
baseline is produced. Peaks or deflections above the baseline represent
exothermic reactions; peaks below the baseline represent endothermic

reactions.

1. Modified DTA Apparatus

A rather complicated vacuum-tight holder connected to an oxygen
measuring and feeding device and to a vacuum system was assembled
last quarter and described in detail in the First Quarterly Report in
order to study the thermal behavior of the cesium oxides. Difficulties
associated both with the transport of cesium and with the stability of the
reference junction were encountered. The use of such a device was
abandoned in favor of placing the entire apparatus in a " dry box" which

could be evacuated and the atmosphere controlled.

2. Dry Box Approach

The original open sample holder of the Fisher 210 Thermalyzer

was used for the analysis. The furnace and the control system were

I1-6
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placed in a vacuum chamber equipped with rubber gloves. The reference
material was dry alumina. The whole chamber was evacuated and then
flushed with dry argon. This procedure was repeated two more times.
Then a half-gram cesium capsule was broken, the metal was melted by
body heat through the rubber gloves and glass, and some of the metal
was transferred into the quartz tube sample holder. For the first run

a chromel-alumel thermocouple was used; for all the other runs iron-

constantan thermocouples were used.

In order to check the system, the temperature difference was re-
corded as a function of time while the metal was cooling down. An exo-
thermic peak was obtained when the metal solidified (Figure 1I-2). Then
the temperature of the furnace was increased at a constant rate of
10°C/ min.. A sharp exothermic peak a few degrees above room temper -

ature indicated the melting of cesium (Figure II-2).

After cooling to room temperature, an oxygen-argon mixture was
admitted to the system (~ 10 volume % 02) while the temperature of the
cesium sample was recorded. This temperature slowly increased during
the next twenty minutes, then slowly decreased again due to the decreasing
rate of oxidation which was due to external oxide layers (Figure II-3).
The oxidation was accelerated by slow heating to 300°K in the presence

of an OZ—Ar atmosphere.

The oxide mixture was thermo-analyzed. An endothermic peak
was observed somewhat below 200°C, which may have been due to the
melting of suboxide, Cs30. 3 Above 200°C some water bound to the
hydroxide may have been lost, as evidenced by a broad endothermic
peak. At 270°C, a well defined endothermic peak indicated the melting
of CsOH4 (Figure II-4).
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Figure II-2. Cooling and Heating Curve of Cesium Metal as
Measured by the Fisher 210 Thermalyzer,
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Figure II-4. Differential Thermogram of Cesium-Oxygen
System (I) with Water Contamination.,
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A second run was made in the absence of oxygen with a new capsule
of oxidized cesium. Cesium hydroxide was again present in the system,
as evidenced by an endothermic peak at 270°C. A broad exothermic peak
beginning at 350°C may have indicated a reaction among the cesium
oxides. A small but pronounced endothermic peak was observed at 380°C,

which may be related to the melting of CSZQ4 4:(Figure 1I-5).

Upon cooling, the different phaséé separated in the sample holder
tube. The bottom and the side around the bottom of the tube were black
and presumably contained, in a very thin film adherent to the wall, a
mixture of suboxides (CSXO,, where x > 2) with some unreacted cesium
adsorbed on the tube wall. The second layer from the bottom was brown
and probably contained CSZO and 05203, while the top layer was white,
the color reported for CsOH.

The cesium hydro;ﬁde is less dense than any of the oxides; however,
the suboxides are considerably less dense than either the oxides or the
hydroxide (see Table II-2). The explanation of the position of the sub-
oxide film adhering to the wall nealr the bottom may be found in the high
surface free energy of the suboxides and the metallic cesium as compared
with the other oxides. It is rerﬁarkable that even heating the cesium
sample in 10% oxygen up to 400°C for 24 hours failed to convert all the

cesium to higher oxides.

In the next experiment care was taken to exclude all the water
vapor from the systerriP and no peak was observed between 200°C and
300°C. The endothermic peak was observed at 390°C. At about 420°C

a broad exothermic peak has started, possibly resulting from the reaction

of cesium with the iron-constantan thermocouple; this peak was repro-

duced in a consecutive run where oxygen was also excluded from the

system (also seen in Figure II-5).
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While cesium monoxide, Cs 20, is expected from thermodynamic
calculations, to be the dominating species under the oxidizing conditions
used, it does not have a transition in the thermogram between room

temperature and 400°C.

Further refinements could be made in the technique. The behavior
of suboxides should be studied in some container more inert than the

quartz tube, and a shielded thermocouple should be used.
C. MASS SPECTROMETER

During the second quarter the mass spectrometer system was tested
with nitrogen, and a Knudsen cell designed for the analysis of cesium
oxides has been built (see Figures II—6 and II-7). The Knudsen cell has
been tried out in the system as a source of pure cesium and, after

several minor modifications, will be ready for use with cesium oxides.

Nitrogen was used in an initial analysis of the characteristics of
the system, since it is relatively inert and easily handled. Nitrogen was
brought into the system through the simple gas manifold shown in
Figure II-3 of the First Quarterly Report. The gas inlet was designed to
produce a nitrogen beam of approximately the same density and profile
as the beams to be used in cesium oxide experimentation. With the
chopper (Figure II-1, First Quarterly Report) operating, the nitrogen

beam could be observed easily on the scope.

With the mass spectrometer tuned to the nitrogen peak and the
modulated beam " turned on, " the multiplier output could easily be

observed on the scope and consisted of several components:

(1) A dc component propertional to the nitrogen pressure

DL .
(~10 ~ torr) in the mass spectrometer chamber.

1I-14
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68-R-5-1

Figure II-6. Knudsen Cell Disassembled.
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68-R-5-2

Figure II-7.

Knudsen Cell Assembly.
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(2)

(3)

(4)

RATHION

This component is usually of no interest to us, since
it represents molecules which have interacted with
the walls of the system and can be eliminated with a

blocking capacitor.

An ac component at the modulation frequency, which
could be blocked by the shutter and which was proé
duced by particles in the direct beam. This component
had a peak-to-peak amplitude of approximately 1/4

the magnitude of the dc component.

A white noise (shot-type) component, which was
approximately proportional to the ac signal and had
a peak-to-peak amplitude of approximately 1/3 that

of the modulated signal.

A white noise (Johnson-type) component which is
independent of beam intensity. White noise, particu-
larly of this type, will interfere with the detection of
the small signals (less than about 0.1% of the level
of these nitrogen signals) which will be of interest

in the cesium oxide measurements. Phase-sensitive

detection will be used to circumvent this problem.

The Knudsen cell was loaded with a cesium capsule and placed

into the system. After pump-down the capsule was broken, and, with

the chopper in operation, the ac output of the multiplier as a function

of temperafure was observed. The signal as a function of temperature

had the shape of the cesium vapor pressure curve, as predicted. A

primary purpose for operating the system on pure cesium was to develop

1I-17
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procedures for handling cesium which would minimize damage to pumps
and mass spectrometer. An additional problem encountered was that
the molybdenum capsules designed to contain the cesium (see Fourth
Monthly Report) became ductile due to heat absorbed from ion pump
elements and could not be broken. Future capsules will be fabricated

from vapor-deposited tungsten.

I1-18
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CHAPTER III
QUANTUM- THERMODYNAMIC DEFINITION OF ELECTRONEGATIVITY

Elias P. Gyftopoulos and George N. Hatsopoulos
A. INTRODUCTION

| Rigorous definitions are given of electronegativity of atoms,
neutra,l_ or ionized, and of atomic orbitals. 'The definitions are con~
sistent with the rules of the statistics of ensembles and the quantum-
mechanical picture of atomic structure. The definitions have been
extended to atoms in a molecule, and to atoms in a solid. The ex-

tenszons, however, will be presented in future commumcatmns.

, - The concept of electronegativity, " the power of an atom in a
molecule to attract electrons to itself" l, has been found to be a useful
tool for the correlation of a vast field of chemical knowledge and ex-
perience. 2 But in spite of the large literature on the subject, no -
rigorous definition of electronegativity has been suggested. The lack
of definition has resulted in some confusion with respect to both the
physical concept represented by electronegativity and the units of

electronegativity. 3-8

In the present communication, a free atom or a free ion is regarded
as a thermodynamic system, and the electronegativity of such a system

. is identified with the negative of its electrochemical potential.

The electrochemical potential of a component in a phase may be
- evaluated by means of the theory of statistical ensembles. This theory,
whether related to classical or quantum mechanics, applies to thermo-
dynamic systems of any size. ? Consequently, it is possible to find
ensemble (thermodynamic) properties, such as the electrochemical
potential, even of an atom representative of an ensemble of one-
atom members. If the center of mass of each atom is fixed in

space, both the one-atom members and the one-atom thermodynamic

* One of the authors (EPG) was principally suppoited by the National
Science Foundation, Contract GK-2581.
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system representative of the ensemble may be regarded as open systems

having -one independent component, namely electrons.

Even when all the mechanical properties of an atom, such as the
energy eigenvalues and the number of electrons, assume only discrete
values, the thermodynamic properties of the one-atom system represen-
tative of the ensemble, such as the energy E and the number of electrons
n, assume continuous values. Each of these properties may be expressed

as a continuous function of two independent thermodynamic variables.

The electrochemical potential y is defined as the partial deriva-
tive of E with respect to n at constant entropy. This derivative must
be evaluated for the ensemble passing through equilibrium states because,
otherwise, it is indeterminate. This fact in turn implies that in any
calculation of l» two independent thermodynamic variables, sa.y,' n and
temperature T, must be considered even if the interest is in results at
zero degrees Kelvin. For example, if y is computed as the derivative
mentioned above, in order to vary n at constant entropy while the
ensemble passes through equilibrium states, the temperature T must

be varied. Hence, both n and T must be retained in E.

In view of these remarks, the paper is organized as follows.
First, a brief review of the statistics of grand canonical ensembles is
given. Second, this statistics is applied to an ensemble of one-atom
members. The procedure for the calculation of the electrochemical
potential is thus established. Third, electronegativity is defined
as the negative of the electrochemical potential. For a neutral atom
at zero degrees Kelvin, this definition yields exact results which are

identical to those of Mulliken. 3 Finally, it is shown that when the

III-2
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electronic structure of the atom is described by the Hartree-Fock
approximation, that is when the electrons are treated as an ideal

substance, an orbital electronegativity can be defined.

It should be noted that since the electrochemical potential is
interpreted as the escaping tendency (the opposite of the power to attract,)
of a component from a thermodynamic system, it is reasonable to use

the negative of this potential as a measure of electronegativity.
B. STATISTICS OF GRAND CANONICAL ENSEMBLES

Consider an ensemble of identical members, namely members
whichvhave identical possible energy eigenstates. Suppose the ensemble
is in thermodynamic equilibrium, at temperature T, and that its mem-
bers can exchange energy and matter with the members of a reservoir.

Such an ensemble is defined as a grand canonical ensemble.

For present purposes, the members of the ensemble are specified
by the following conditions: (a) each member has only one independent
component; (b) the energy eigenstates of each member are Gl’ GZ’ .« - s
Gj’ . « 3 and (c) each energy eigenstate Gl. GZ’ . o Gj’ . . is occupied
» 1

by a number n s v e nj, . . of particles of the component, and

1
has an energy E

l,zEz, . . Ej, . « » respectively. Here, separate
symbols for the energy and the occupation number are used for each
energy eigenstate, even though more than one of these symbols may
represent the same number. For example, a g-fold degenerate state

is counted as g separate states.

When the laws of thermodynamics are applied to the ensemble

and the reservoir, 9 it is found that the fraction x of members at the

II1-3



THERMO ELECTRON

ENGINEERINGE CORPORATION

energy eigenstate Gi, the probability X, that a member is at the state

Gi’ is given by the relation -

exp[ (ay - E,)/KT]
= ;fexp[(ni“ - Ei)/kT] ’

x, (1)
where U is the electrochemical potential of the compoxient in the ensemble
and in the reservoir, and k is Boltzinahn' 8 constant. Note tha.t at T

equals zero, %, can be computed only as a limit.

By virtue of Eq. 1, it follows that, statistically, the average
number n of particles representative of the ensemble is given by the

relation

n=2Znx,
i ii

? n, exp [(ni“ - Ei)/kT] .

~ Texpllnu - E,)/KT] . (2)

Equation 2 indicates that nis a continuous function of the centinuous
variables j;, and T. Conversely, Eq. 2 can be solved for the continuous
function y(n, T) of the continuous variables n and T. The range of n is

the same as that of the discrete values n..

It also follows from Egq. 1 that the average energy E of the

ensemble is given by the relation

E = ?Eixi . » (3)

I1r-4



e ) THERMO ELECTRON

ENGINEERI NG CORPMORBATION

This energy can be thought of as a continuous furc tion of any two of the
continuous variables.n, y, and T, and it is related to the electrochemical
potential by the expression
9K : '
. T vl at constant entropy. (4y

The derivation of the last relation is given in reference 9.

C. ELECTROCHEMICAL POTENTIAL OF ATOMS AND ATOMIC IONS

Consider the special ensemble of identical, one-atom members, of
atomic number Z. Suppose each member may exchange energy and only
electrons with a reservoir. In thermodynamic equilibrium, this
thermodynamic system constitutes a grand canonical ensemble of one

component (electrons) members.

To proceed with the statistical analysis of the system, suppose
first that only the ground state of the singly charged negative ion of the
atomic species exists. Thus, the possible energy eigenstates of each

one-atom member of the ensemble are as follows:

1. Ground states. Figure Ij1-1 shows schematically the possible occu-

pation numbers ni,
ni=0, 1, 2,-.,Z’Z+1, (5)

and the corresponding energies Ei of the ground étates of the neutral
atom and all the positive and negative ions. It is seen from the figure
that as the electron occupation number increases from zero, fully
ionized atom, to Z + 1, singly charged negative ion, ¢he energies of the

corresponding ground states satisfy the relations
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> D oe. > > >
Eo El Ez-l Ez Ez+1 * (6)

If the arbitrary zero energy reference level is set at the energy E of
z

the neutral atom, relation 6 may be written in the form

> - -
1 >1 > I >0>-A), (7)

where Ii and Ai are the i-th ionization energy and electron affinity of

the atom, respectively.

2. Excited states. To each occupation number n., smaller than or

equal to Z, there corresponds an infinite number of excited states.
Lt the energy of each such state be denoted by Eij' Each energy Eij

is greater than the energy Ei of the corresponding ground state.

In terms of the above energy eigenstates, the average number n

of electrons representative of the ensemble is given by the relation

[
H

Z+1 Zz
= - = & -

_i=0 n, exp [_'(niy, Ei)/k'I‘] + 0] n, exp [(nip, Eij)/kT] (8)
D= OZH Z _
- b2 -

Zo  exPllnp - E)/KT) +, o‘? exp [(n.y Eij) /kT]

It follows from Eq. 8 that the number of electrons of the atom, viewed
as a thermodynamic syétem, may assume any value between 0 and Z v+ 1,
even though the occupation numbers n, assume only discrete values.
Moreover, for given values n and T, Eq. 8 can be solved for .

Although the general solution is numerically tedious,ssome general

results can be readily established:
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Eigensiate  Occupation Energy
Gi ~ number nj Ei
Go 0] Eo I )
Gy | Eq Iz
° ° ° ° Positive
# ions
4] Q [ ¢] (4]
" Gy Z-l ——— E5_ I J
Gz Z — ks 0] Neutral atom
Gz Z+l ~—————— Ez4 =A Negative otom

Figure III-1.

Schematic of Ground States of the Neutral Atom
and all the Positive and Negative Ions, of an Atom
Forming only Singly Charged Negative Ions. No
Degeneracies are Shown.
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(1) If the ensemble is representative of either the fully ionized atom,
(n equals zeroj) or the singly charged negative ion, {n equals Z + 1)
Eq. 8 yields

b= -w for n=0, (9)

or
H=+°° for n

H

Z+1, (10)

respectively, for all values of T. These extreme values of p are as
expected since for n equals 0 and Z + 1 the variations dn of the electron

component are restricted to be only positive and negative, respectively. 10

(ii) . For values of n in the range
Z<n=2Z+1, (11)

i is positive. For all other values of n, the electrochemical potential
is negative. These facts can be readily verified by substitution of a

non-negative value of y in Eq. 8.

(iii) If the ensemble is representative of a neutral atom, n equals Z.
For this value of n and in the limit of small temperatures, T approxi-

mately equals zero degrees Kelvin, Eq. 8 yields

u= - (Il +A1)/2+ kT lngz_ forn=Z, and T = 0, (12)

1

where g,. is the degeneracy of the state Gz Equation 12 is a special

1 1
case of a more general re sult discussed below.

(iv) If the ensemble is representative of a positive ion with an integral
number ¢ of electrons, n equals g. For such a value of n, Eq. 8 may

be written in the equivalent form,
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O"‘l ’ , 0--1 . .
iZo (0-ny) exp [{nu - E)/KTY + B X (g -n)exp[(ny - B )/KkT] =

Z+1

. = izzo--l-l(ni-o‘) exp[(niu-Ei)/kT]-t- . <

z | |
1=341 ¥y -0 expl(ngy - E,)/¥T]. (13)

For ) negative and in the limit of small temperatures, the first sum on
either side of Eq. 13 is much greater than the second. Hence, a good

approximation to Eq. 13 is given by the relation

o-1 | Z+1
iZolo=n) expny - E)/kT] =, 2 (0 -0) exp [(ap - E)/KT]

forn=gand T - 0. ' (14)

For different ranges of negative values of , the exponents nip, —'Ei' on
either side of Eq. 14 can be ordered. Given a range of values of L

suppose that the largest exponents are 4y - E& and ry - Er on the left

and right hand side, respectively, where
1=¢g-1 and rg+ 1. (15)

- It follows that, in the limit of small temperatures, Eq. 14 can be approxi-

mated by the simple expression

g (o - 1) exply - E) /KT = g (r-q) exp[(ry - E )/kT], (16)

where g‘c and g, are the degeneracies of the states G;, and Gr’ respectively.
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The last expression is satisfied for the value of 4 given by the relation

e gé(c-{,)
k= HE, - E%) ’»rva ln AT Vir-2) =

. g‘t(c,-'JL) 4 o _
= - [(Iz—r-lz-L) + k'?'lnm]/(r-,ﬁ) ’fox" n= c,’ anqul-»* 0. (17)

r

This value of )y is acceptable if it is within the range of values assumed
for the ordering of the exponents, namely within the range which resulted
in approximate Eq. 16. Otherwise, another range of pand different

values of 4 and r must be considered.

For n equal to or smaller than Z-1, consideration of the ionization
energies of atoms as specified above results in values of y which are much
smaller than that for n equals Z. For practical purposes, it is con-

venient (bu_.t not necessary) to assume

p=-w fornsZ -1 and all T. (18)

The preceding statistical analysis can be readily applied to
atoms which either can form both singly and doubly charged negative
ions, or cannot form negative ions. Thus, for example, for atoms
which form both singly and doubly charged negative ions, n, ranges from
0 to Z + 2, it is found that for n equals Z a possible value of j; is given

s

by the relation

b=~ (12+A2)/4 for n=Z and T = 0, (19)
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provided that

31,<41 +A,, and  4A

2 114 <34, - 1. (20)

1 2 2

D. ELECTRONEGATIVITY OF ATOMS AND ATOMIC IONS

The electronegativity of a neutral or charged atomic species is
. defined here as the negative of the electrochemical potential of the
. species viewed as a one-component member of a grand canonical

ensemble. Thus, the electronegativity x(n, T) is given by the relation

and is a continuous function of the continuous variables n, and 'I‘.’?

Qualitatively, this definition of electrbnegativity is consistent with
heuristic descriptions given previously. The negative of u» the negative
of the escaping tendency, represents a power to attract. A power to
attract is the notion associated with electronegativity. Moreover, equality
of the electrochemical potentials of a component in two different phases
implies that there is no flow of this component between the two phases.
In direct analogy, equality of electronegativities of two atoms implies

that there is no flow of electronic charge from one atom to the other.

" Quantitatively, for atoms which can form singly charged negative

ions, it is seen from Eqs. 12 and 21 that the exact value of the electro-

Note that when the zero energy level is set at the level of the
ground state of the neutral atom, the value of the electrochemical
potential equals that of the chemical potential. For this energy
reference level, the electronegativity equals the negative of the
chemical potential.

Note also that x can be expressed as a continuous function of
another pair of continuous thermodynamic variables, say, entropy
and temperature.
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negativity x(Z, 0) of the neutral atom is given by the relation

x(Z, 0) = (I, + Alj/ 2. (22)

This value is identical to the é,pproximate value recommended by Mulliken. 3

Also, the exact value of the electronegativity given by the negative of
Eq. 10 was suggested by Mulliken3 without reference to the restrictions

represented by relations 20.
E. ORBITAL ELECTRONEGATIVITY

The discussion in Section C and the definition of electronegativity
in Section D are presented without any reference to the procedure
employed for the determination of the possible energy eigenstates of the
members of the ensemble. Consideration of the approximate methods
used for the calculation of the energy eigenvalues leads to the concept

of orbital electronegativity.

To see this point clearly, consider a Z-electron atom. The
quantum-mechanical analysis of the electronic structure of this atom
is very difficult. The difficulty is avoided if the electrons are treated
as an ideal substance, that is the Z-electron Hamiltonian operator is
reduced to an approximate sum of Z separable, one-electron Hamiltonian
operators. The reduction can be made by means of different approximaf‘e

methods. One of these is the Hartree~Fock method.

The Hartree-Fock, one-electron operator defines an energy
eigenvalue problem. Each eigenfunction of this operator, one-electron
orbital, can accommodate at most two electrons with opposite spins.

When the orbital is occupied by an electron with a given spin, it is called
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a spin-orbital. The negative of each eigenvalue is interpreted ac an
ionization energy. This interpretation is based on the assumption that
the extraction of the electron from the corresponding orbital does nct
perturb the eigenstates of the other electrons, and it is known as
Koopmansg' theorem. 11 Finally, the energy of a given state of the atom
is given approximately by the sum of the energies of the occupied |

spin-orbitals.

This way of thinking about the atom has the following implications

for an atom which forms only singly charged negative ions.

(a) The energies I1 and A1 of the atom may be thoﬁght of as the ionization

energy and the electron affinity of a valence orbital, respectively.
(b) Variations of the charge of the atom, regarded as a thermodyramic
system, in the range

Z-1=n=Z+1 (23)
may be thought of as occurring because of continuous variations of the
charge in the valence orbital.

(¢) For values of n in the range represented by relations 23, the
energy E(n, T) (Eq. 3) is a function of the charge in the valence orbital
only. This statement is justified by Koopmans' theorem.

(d) Suppose that the average charge in the valence orbital is represented
by g, so that
q=+eforn=2Z-1l, q=0forn=Z, and q = -e for n = Z+1,

where e is the electronic charge. At zero temperature, the energy

and electrochemical potential of the atom may be thought of as the
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energy go(q) and the electrochemical potential uo(q) per unit charge
of the valence orbital, respectively. From the results of Section 4,

it is readily verified that for

q= e, €O(Q) = Il’ [JO(Q) ~ 0 ,
q=0: ¢ (@=0, pla)=- +A4,)/2e, (24)
q=-ei¢ (@) = -Ay (q) =+ .

These values suggest that eo(q) and u,o(q) may be represented by the

approximate continuous functions given by the relations

I +A I, -A 2
(@ = 22 ar At 10 -5H 7, (25)
e
and
deo(q)
po(Q)=" d.q =
I, +A I, -A
e e S e (a/e)
ST T 2e - 2 21/2' (26)
[1-(q/e)]

(e) It follows that, at zero temperature, the electronegativity of the
atom may be thought of as an orbital electronegativity xo(q) given by the

approximate relation

e de_ I tA I -A (o e) o
oY T "dg Ze 2 /2 °

(L- (Q/e)zj

]
+
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(f) Similar statements can be made about other types of atoms.

Expressions somewhat analogous to those represented by

Eqs. 24 and 26 have been introduced heuristically by other a,u’cl'iors.‘12
These authors expressed doubts about the validity of the as‘sumption
that both €o(q) and xo(q) are continuous functions of the continuous
variable q. In view of the present work, it is seen that orbital electro~
negativity is obtained from basic quantum-thermodynamic arguments

and that, indeed,fo(q) and xo(q) are continuous functions of the continuous

thermodynamic variable q.

The preceding approach to the definition of electronegativity has
been extended to atoms in molecules and solids. The results will be

presented in future communications.
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CHAPTER IV
PARAMETRIC DATA

D. Lieb, F. Rufeh, L. van Someren, C. Wang

A. SINGLE-CRYSTAL TUNGSTEN CONVERTER

A variable-spacing, guard-ring converter with a single-crystal
tungsten emitter and a molybdenum collector was constructed during
the first quarter. Experimental data from this converter, covering
a wide range of emitter temperatures and interelectrode spacings,
were presented-in the First Quarterly Repo'rt.1 During the second

quarter these data were analyzed, and additional data were obtained.

1. Work-Function and Variable-Spacing Data

The emitter work function was determined from saturation
currents obtained under ion-rich conditions. Typical raw data is
shown in Figure IV-1, and the reduced data is plotted as a function
of TE/TR in Figure IV-2. The work function of polycrystalline
tungsten is also shown for reference in this figure, The cesiated
work function of single-crystalline 110 tunésten is about 0.2 volt

Iess than that of polycrystalline tungsten.,

Variable~spacing families of volt-ampere characteristics were
also obtained. Figure IV~3 shows the.effect of interelectrode spacing
on both the extinguished and ignited modes. The products of cesium
pressures and interelectrode spatings used form a consistent set with

the data reported in the First Quarterly Report. !
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2. Internal Voltage Drop Correlation

One of the important correlations which has been found in the
pa,ezt2 is the dependence of the internal voltage drop, Vd, on the
product of cesium pressure and interelectrode spacing, Pd. This
was, however, only a first-order correlation, and deviations were
observed which could not be accounted for by the experimental errors.
It is suspected that there are other dependencies which contribute to

the deviations from the Vg correlation.

One of the goals of the present program is an investigation of
the possible dependence of V3 on parameters such as cesium pressure,

P, and ion richness, B, at constant values of Pd.
a. Procedure

A series of cesium families of volt-ampere characteristics
covering a wide range of interelectrode spacings and emitter tempera-
tures was presented in the First Quarterly Report.l The cesium
pressures and the interelectrode spacings were selected in such a
manner as to provide a large number of volt-ampere characteristics
for various combinations of P, Pd and 8, These cesium families
were used to study the possible dependencies of the internal voltage

drop in the above parameters.

Each cesium family forms an envelope which is tangent to the
individual J-V curves (Figure IV-4), For the purpose of this analysis,
V4 was defined as the difference in voltage between the point of
tangency and the Boltzmann curve. The point of tangency was chosen,
since it is readily identified and since maximum power and maximum

efficiency occur near that point, In establishing the Boltzmann curves,
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the collector work function was assumed to be 1.6 eV. This assumption
is reasonable since the data was obtained at optimum collector tempera-~

ture.
b. Results

Figure IV-5 shows the voltage drop, at a pressure of 1.42 torr,

as a function of Pd for three values of TE/T The constant values

R’
of TE/TR represent approximately constant values of ion richness, B.
Similar data for other cesium pressures are shown in Figures IV-6
through IV-8. These data suggest that the internal voltage drop is

decreasing function of ion richness.

Figure IV-9 shows Vg4, at TE/TR = 3.4, as a function of Pd for
several cesium pressures. Similar data for other values of TE/TR
are shown in Figures IV-10 through IV-12. It appears that the voltage
drop also depends on P at constant values of Pd and TE/TR.

c. Limitations of the Present Correlation and Conclusions

The experimental data suggest that the internal voltage drop is
a function of Pd, P and B. These results, however, are tentative,
and further investigation is required to obtain more definite conclusions.
As described previously, the Boltzmann curve was established using
a collector work function of 1.6 eV. An alternative technique is to
determine the collector work function for each J-V curve from
TC/TR plots. The latter technique will be applied in the near future.
Furthermore, the results presented in this section were obtained
from one converter. It is suspected that the internal voltage drop
is also a function of electrode surface parameters such as bare work
function and surface uniformity. These effects will be studied when

additional data becomes available.
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B. FLUORIDE VAPOR-DEPOSITED TUNGSTEN CONVERTER

A variable-spacing converter with a fluoride vapor-deposited
tungsten emitter and a molybdenum collector was constructed in order
to obtain data for comparison with in-pile test converters. The emitter
was made from an ingot of approximately 0.2-inch-thick material
obtained from San Fernando Laboratories, and described in more
detail in the First Quarterly Report on this program. The top of the
deposit, which was to be the emitting surface, was ground flat. The
emitter was then fired at vacuum (<5 x 10,,5 torr) for 20 minutes at
1900°C. After treatment the surface showed grinding marks and
slight grain boundary grooving. Examination of the emitter surface
by x~ray diffraction showed considerable recrystallization of the
random layer induced by grinding (Figure IV-13). The degree of

orientation is still less than in the as-deposited material.

The converter has been cesiated and is ready for testing.

C. VACUUM WORK FUNCTION TEST CELL

Recent results of bare emitter work function measurements
in cylindrical converters have shown a correlation between high bare
work function values and good converter performance. Meaningful
measurements of bare emitter work function require an ultra-high-
vacuum environment and high emitter temperatures to minimize the
influence of oxygen contamination. These conditions are more severe
than are usually encountered in cesium converters. The design of a
test device which satisfies the above requirements has been completed;
this cell will be used to study the correlation between work function

and performance.
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The schematic of the test cell is shown in Figure IV-14. It uses
a guarded, water-cooled collector and getter ion pumping. The emitter
is heated by electron bombardment and operates at a maximum tem-
perature of about 2300°K. Emitter temperature is measured by an
optical pyrometer from the window on the side or on the bottom of the
system. Since the emitter is held in place by gravity, no welds or
brazes are required for its mounting, and different-sized slugs can be
accommodated by changing the supporting disk. Before the bottom
window is sealed in place, the spacing can be set to the desired value
with an adjusting screw. Copper gaskets on the various flanges and a
roughi